Upon inoculation into AKR mice, mink cell focus-forming murine leukemia virus (MCF MLV) accelerates thymic lymphoma formation. During the preleukemic phase of disease, we observed the induction of apoptosis in thymic lymphocytes. A similar induction of apoptosis was observed for cultured mink epithelial cells after MCF13 MLV infection. In this study, the relevance of viral pathogenicity to cell killing was determined by testing the susceptibility of various cell types from different species to lymphomagenic MLVs. We observed that the cytopathic effect of lymphomagenic MLVs was restricted to mink cells. Southern blot analysis of MLVinfected cells revealed an accumulation of the linear form of unintegrated viral DNA, particularly in mink cells after MCF13 MLV infection. Thus, a strong correlation was observed between viral superinfection, which results in the accumulation of high levels of unintegrated viral DNA, and cell killing. Immunoblot analysis for MCF13 MLV-infected mink epithelial cells did not show a significant change in total p53 levels or its phosphorylated form at Ser-15 compared with that in mock-treated cells. Moreover, a time course analysis for mink epithelial cells infected with MCF13 MLV did not reveal mitochondrial depolarization or a significant change in Bax levels. These results demonstrate that MCF13 MLV induces apoptosis preferentially in cells in which superinfection occurs, and the mechanism involved is independent of p53 activation and mitochondrial damage.
Class I mink cell focus-forming murine leukemia viruses (MCF MLVs) are the etiologic agent for the development of thymic lymphoma in AKR mice (41) . The well-studied mechanism for lymphoma development is insertional mutagenesis, whereby provirus integrates proximal to a cellular oncogene, resulting in its aberrant expression (9, 11) . The steps involved in the preleukemic phase of lymphoma development, however, are less well understood. We recently detected the induction of apoptosis in thymic lymphocytes of MCF13 MLV-inoculated AKR mice during the preleukemic period (49) . To better understand the mechanism involved in the induction of apoptosis, we have employed cultured mink epithelial cells, which undergo a similar induction of apoptosis following virus infection (48) . In these cells and thymic lymphocytes in preleukemic mice, we observed a correlation between virus-induced apoptosis and the accumulation of the linear form of unintegrated viral DNA. This accumulation of unintegrated viral DNA in infected cells is due to a phenomenon referred to as superinfection (22, 42) . The ability to superinfect cells has been observed for other cytopathic retroviruses, such as subgroup B and subgroup D avian leukosis virus (ALV), reticuloendotheliosis virus (REV), and feline leukemia virus (FeLV-FAIDS) (22, 32, 42, 43) . Whether the high levels of the linear form of unintegrated viral DNA that accumulate in cells as a result of superinfection play a role in cell killing is not clear. However, a potential role for unintegrated viral DNA in the induction of apoptosis is supported by recent studies which indicate that following retroviral infection, unintegrated viral DNA or integration intermediates that contain a four-to six-base gap at each end may initiate an apoptotic cascade (13, 27) . Furthermore, it was demonstrated that the nonhomologous end-joining pathway, which normally repairs double-strand breaks in DNA, plays a role in the induction of apoptosis by retroviral infection (27) . The hypothesis that high levels of the linear form of unintegrated viral DNA could provide an apoptotic signal is addressed in this study.
Apoptosis classically occurs via two major pathways, (i) an extrinsic receptor-mediated pathway and (ii) an intrinsic mitochondrion-mediated stress pathway. The extrinsic pathway involves activation of caspase 8, which occurs as a result of interactions between ligand and receptor, such as Fas (CD95) and FasL (2) . The intrinsic pathway on the other hand involves damage to the mitochondrial membrane, which occurs in response to stress signals, such as DNA damage (19) . Cytochrome c, which is released from the damaged mitochondria along with procaspase 9, and Apaf-1 constitute a holoenzyme complex referred to as an apoptosome that facilitates caspase 9 activation (28). The Bcl-2 family of proteins, such as Bax and Bcl-2, regulates the extent of damage to the mitochondrial membrane (12) . Following genotoxic stress, Bax is activated, resulting in depolarization of the mitochondrial membrane and release of cytochrome c (10).
p53, a major protein involved in the intrinsic pathway, is commonly activated in response to genotoxic stress or DNA damage (21, 26) . Mdm2, a negative regulator of p53, binds tightly at the amino terminus of p53, thereby promoting its rapid proteosomal degradation (25) . Disruption of the Mdm2/ p53 complex is produced by phosphorylation at the amino terminus of p53, which leads to stabilization of p53 and an increase in its total level (40) . Phosphorylation of serine 15 (Ser-15) at the amino terminus has been shown to alleviate the inhibitory effects of Mdm2 (38) . Moreover, phosphorylation of Ser-15 has been demonstrated to be an early cellular response following genotoxic stress or DNA damage (40) . Once activated, p53, which is a DNA-binding protein, regulates the transcription of target genes, including p21, Mdm2, Gadd45, and Bax, which are either involved in cell cycle arrest or apoptosis (14) .
For many retroviruses that induce immunodeficiencies, such as FeLV-FAIDS and human immunodeficiency virus (HIV), cell killing has been demonstrated to be a critical step in viral pathogenesis (31, 36) . Although not well understood, a similar correlation between cell killing and viral pathogenesis has been reported for oncogenic retroviruses, such as ALV, REV, and Moloney and SL3-3 MLV (4, 22, 37, 44) . In the present study, we demonstrate for lymphomagenic MCF MLVs that, similar to other oncogenic retroviruses, cell killing strongly correlates with viral pathogenicity and superinfection. The viral cell killing we observed was species specific but appeared to be independent of cell type for the cell lines we tested. We also demonstrate that the mechanism involved in virus-induced cell killing occurs independently of p53 activation and mitochondrial membrane damage. These results indicate that the high levels of unintegrated viral DNA in virus-infected cells do not activate the intrinsic apoptotic pathway.
MATERIALS AND METHODS
Cell lines and viruses. Mink fibroblast (ATCC CCL64.1) and mink epithelial (ATCC CCL64) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (Omega Scientific, Tarzana, Calif.), 1% penicillin-streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate. Human kidney epithelial cell (293T), NIH mouse fibroblast (NIH 3T3), Mus dunni tail fibroblast (MDTF), and rat kidney epithelial (NRK) cells were grown in DMEM supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin. MLV stocks were prepared from supernatant collected from chronically infected cells. Viral titers were determined by an indirect immunofluorescence focus assay as previously described (48) .
Virus infection and cell viability assay. Cells were plated in 24-well plates 1 day before virus infection. Subsequently, cells were infected with different MLVs at an appropriate multiplicity of infection (MOI) in the presence of 2 g of Polybrene per ml. Mock-treated cells were incubated with DMEM and Polybrene. After incubation for 6 h at 37°C, viral supernatants were removed, cells were washed once with phosphate-buffered saline, and fresh medium was added. Starting at day 2 postinfection, viable cell number was enumerated by trypan blue dye exclusion and a hemacytometer.
Hirt extraction of unintegrated viral DNA. At selected time points, Hirt extraction was performed on virus-infected cells as described previously (50) . Briefly, trypsinized cells were resuspended in 400 l of 0.5 M Tris-EDTA buffer (5 mM Tris-HCl [pH 8.0], 0.5 mM EDTA). Cells were lysed in 1% sodium dodecyl sulfate solution and incubated for 30 min at 37°C. Cell lysates were gently mixed with NaCl to a final concentration of 0.9 M and incubated overnight at 4°C. Subsequently, lysates were centrifuged at 16,000 ϫ g at 4°C for 30 min. Supernatant consisting of low-molecular-weight DNA was removed, and the pellet containing high-molecular-weight genomic DNA was resuspended in 0.5 M Tris-EDTA buffer. Both supernatant and pellet were treated with 50 g each of RNase A and proteinase K prior to extraction with phenol-chloroform. DNA solutions were made to a final concentration of 0.3 M sodium acetate and 60 g of glycogen, to which 2 volumes of ice-cold ethanol was added. Precipitated genomic DNA was dissolved in 25 l of Tris-EDTA buffer (10 mM Tris-HCl [pH 8.0], 10 mM EDTA) and quantified by measuring the optical density at 260 nm with a spectrophotometer (Spectronics Instruments, Rochester, N.Y.).
Southern blot analysis of Hirt-extracted DNA. Hirt-extracted DNA was electrophoresed through 0.8% agarose gels in TBE buffer (89 mM Tris-borate [pH 8.0], 2 mM EDTA) at 100 V for 4 to 5 h at room temperature (RT). DNA was transferred to positively charged nylon membrane (Nytran N; Schleicher & Schuell, Keene, N.H.) by using a vacuum blotter according to the manufacturer's instructions (Bio-Rad Laboratories, Hercules, Calif.) and immobilized by UV cross-linking (Spectronics Corporation, Westbury, N.Y.). An 8.2-kb linear plasmid corresponding to the complete MCF13 MLV genome was 32 P-labeled with a random priming kit (Boehringer Mannheim, Indianapolis, Ind.), and a total of 5 ϫ 10 6 cpm was used for overnight hybridization at 68°C. Radiolabeled probe was removed, and the membrane was washed as previously described (45) . Membrane was exposed to a phosphorimager screen, and analysis was done on a Storm Scanner 840 (Molecular Dynamics, Sunnyvale, Calif.). Calculation of the copy number per cell of linear unintegrated viral DNA (UVD) was made by comparing band intensities measured from Southern blots using the ImageQuant software (Molecular Probes, Eugene, Oreg.) against a standard curve plotted from the intensities of known amounts of a purified plasmid DNA fragment comprising the complete MCF13 MLV genome (46) . To obtain the copy number per cell, we divided the UVD value by the total cell number.
Immunoblotting. Cells were trypsinized and incubated in lysis buffer (20 mM HEPES [pH 7.9], 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 25% glycerol, 2 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 5 g of leupeptin per ml, and 1% NP-40) at 4°C for 20 min. Lysates were centrifuged at 14,000 ϫ g for 10 min at 4°C, and supernatant was collected. The amount of total protein in lysates was measured by using the bicinchoninic acid protein assay (Pierce, Rockford, Ill.). For positive controls, cellular extracts were prepared from mink epithelial cells exposed to 20 mM hydroxyurea for 16 h, 20 Gy of ␥-irradiation, or 100 mJ of UV irradiation. Twenty to 30 g of total cellular protein was electrophoresed through a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. Mitochondrial staining. Cells grown on glass coverslips were infected with MCF13 MLV at an MOI of 5 for 6 h at 37°C. After the virus was removed, cells were washed two times and fresh medium was added. At selected time points, cells were stained with 200 nM MitoTracker Red (Molecular Probes) for 15 min at 37°C. After removal of dye, cells were washed two times with phosphatebuffered saline and fixed with cold methanol for 5 min. Analysis of cells was done with a Zeiss Axiophot fluorescence microscope.
RESULTS AND DISCUSSION
Mink epithelial cell killing correlates with viral pathogenicity. MCF13 MLV generates thymic lymphoma beginning at approximately 10 weeks after inoculation into neonatal AKR mice (47) . During the preleukemic period, our investigators have detected the depletion of virus-infected thymic lymphocytes via apoptosis (49) . To better study the mechanism of cell killing by MCF13 MLV, our investigators established an in vitro system in which mink epithelial cells undergo apoptosis upon virus infection (48) . To examine the relevance of mink epithelial cell killing to viral pathogenicity, we compared the ability of other oncogenic as well as nononcogenic MLVs to kill these cells. Cell killing assays were performed with MCF247 MLV, another pathogenic virus that also induces thymic lymphoma with similar kinetics to MCF13 MLV (6) . A decrease in the number of viable mink epithelial cells infected with MCF247 MLV was detectable beginning at 3 days postinfection compared with mock-treated cells (Fig. 1A) . Cell killing was furthermore dependent on the MOI. Mink cell killing by MCF13 MLV at an MOI of 7 was included for comparison. We observed that at a comparable MOI, MCF247 MLV was slightly more cytopathic than MCF13 MLV.
Mink epithelial cells were also infected with the nonpathogenic NZB-9 xenotropic MLV or a long terminal repeat mutant of MCF13 MLV (Mut-MCF13 MLV), which has attenu- VOL. 78, 2004 DIFFERENTIAL CELL KILLING BY LYMPHOMAGENIC MCF MLVs 5089 ated pathogenicity (47) (Fig. 1) . These viruses have similar cellular receptor usage as class I MCF MLVs, such as MCF13 and MCF247 MLV (29) . Unlike our observations for these class I MCF MLVs, infection of mink epithelial cells by NZB-9 and Mut-MCF13 MLV did not produce a change in the number of viable cells over time compared with mock-infected cells. Our data demonstrate that the ability of an MLV to kill mink epithelial cells strongly correlates with viral pathogenicity. Because the cellular receptor usage for NZB-9 and Mut-MCF13 MLV is similar to that of wild-type MCF13 and MCF247 MLV, the virus-induced cell killing of mink epithelial cells does not appear to be initiated by viral glycoprotein and cellular receptor interactions at the cell surface. Differential cell killing by lymphomagenic MCF MLVs. In our demonstration that lymphomagenic MCF MLVs are able to induce cytopathic effects, we have so far used a single cell type, i.e., mink epithelial cells. MCF MLVs are polytropic viruses that are capable of infecting cells from different species (15) . Thus, to determine whether lymphomagenic MCF MLVs are cytopathic for cells of different types from various species, we performed cell killing assays on cells of mink (mink fibroblasts), mouse (M. dunni and NIH 3T3 fibroblasts), rat (NRK epithelial cells), and human (293T epithelial cells) origin. The results of this study are summarized in Table 1 . The susceptibility of mink fibroblasts to cell killing by oncogenic and nononcogenic MLVs was similar to that observed with mink epithelial cells. Our results for mink cells thus indicate that the cell killing induced by lymphomagenic MCF MLVs is independent of cell lineage. For MCF13 and MCF247 MLV, we did not observe a significant decrease in the number of viable cells over time for any of the additional cell lines tested in comparison to mock-treated cells. Although for some cell types such as M. dunni and NIH 3T3 fibroblasts we used a substantially higher MOI of 100 for MCF13 and MCF247 MLV infection, we still did not observe a significant decrease in viable cell counts compared to mock-treated cells (data not shown). These results suggest a preferential cell killing of the mink cells that we tested by lymphomagenic MCF MLVs. However, because we have observed that thymic lymphocytes in AKR mice inoculated with MCF13 MLV undergo apoptosis, this virus is clearly able to kill some murine cells. Therefore, our data suggest that the cytopathic effect of this virus on murine cells is strain dependent.
Correlation between the amount of linear unintegrated viral DNA and cell killing by lymphomagenic MCF MLVs. A correlation between the accumulation of the linear form of UVD and cytopathicity has been previously reported for other pathogenic retroviruses (22, 43) . The phenomenon of superinfection of a cell is indicated by the accumulation of unintegrated viral DNA. Our investigators have also detected high levels of UVD in mink epithelial cells infected with MCF13 MLV, which indicated viral superinfection (48) . To determine whether superinfection correlates with cell killing by lymphomagenic 
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MCF MLVs, we assessed the copy number of UVD per cell, as described in Materials and Methods, after infection of different cell types with MLVs with differing pathogenicities. For mink epithelial cells infected with MCF13 MLV, the copy number of UVD per cell increased from approximately 8 copies per cell at 16 h postinfection to 43 copies per cell at 48 h postinfection, at which time the peak of UVD was detectable (Fig. 2) . Similarly, the copy number of UVD per mink fibroblast increased from 2.5 copies per cell at 24 h postinfection to approximately 46 copies per cell at 96 h postinfection, resulting in an approximately 18-fold increase over this time period (Fig.  2) . Although UVD was also detectable in M. dunni fibroblasts infected with MCF13 MLV at an MOI comparable to that of mink epithelial and fibroblast cells, the highest copy number per cell of UVD was significantly lower than that for either mink cell type (Fig. 2B) . In NIH 3T3 fibroblasts infected with MCF13 MLV, the levels of detectable UVD per cell were even lower than for M. dunni fibroblasts (Fig. 2) . The copy number of UVD per cell in NIH 3T3 fibroblasts at 48 h postinfection was less than 1, which was 40-fold lower than that for MCF13 MLV-infected mink epithelial cells at this time point (Fig. 2B) .
We detected similar high levels of UVD in mink fibroblast and epithelial cells infected with MCF247 MLV (data not shown).
To compare a nonpathogenic MLV, we performed a time course analysis of mink epithelial cells infected with NZB-9 MLV (Fig. 3A) . At 48 h postinfection with NZB-9 MLV, the UVD copy number per cell was approximately 17-fold lower than that for MCF13 MLV (Fig. 3B) . A higher MOI of 1.2 was used for NZB-9 MLV, compared with 0.5 for MCF13 MLV infection, because we did not detect any signal for NZB-9 MLV UVD on Southern blotting at lower MOIs. Thus, at the MOI used for MCF13 MLV, it is highly likely that the UVD for NZB-9 MLV would be even lower. The absence of cytopathic effects by the nonpathogenic NZB-9 MLV in mink epithelial cells correlates with its inability to superinfect these cells, as indicated by UVD levels. These results thus demonstrate that virus superinfection, as indicated by the accumulation of high levels of unintegrated viral DNA, correlates with cell killing. A similar correlation between superinfection and cell killing has been reported for other pathogenic retroviruses, such as ALV subgroups B and D, REV, and FeLV-FAIDS (22, 32, 43) . It is possible that the high levels of UVD that accumulate in mink cells due to viral superinfection may be perceived as DNA with a double-strand break and thus initiate apoptosis. This hypothesis was supported by a study which showed that high levels of linear unintegrated viral DNA produced by Moloney MLV and HIV were sufficient to promote apoptosis in cells that were deficient in the DNA repair pathway involving nonhomologous end joining (27) .
DNA damage or genotoxic stress most frequently induces apoptosis via a p53-dependent mechanism (7). Known to be a guardian of genomic integrity, p53 is activated upon DNA damage, which can result in either growth arrest or apoptosis (8) . Following genotoxic stress, the levels of total p53 increase mainly due to stabilization of the protein and thereby an increase in its half-life (40) . p53 stabilization occurs as a result of posttranslational modifications, such as phosphorylation at specific serine/threonine residues (1). It has been observed that phosphorylation of Ser-15 at the amino terminus of p53 specifically occurs following DNA damage by such agents as ␥-irradiation, UV light, and hydroxyurea. The involvement of p53 in the induction of cell killing has been recently demonstrated for other retroviruses, such as HIV-1 and ts-1 Moloney MLV (5, 18, 23 ). Therefore, we tested the hypothesis that high levels of MCF13 MLV UVD can activate the intrinsic DNA damage pathway through p53 activation. We measured both total and phosphorylated p53 in mink epithelial cells either infected with MCF13 MLV or mock treated (Fig. 4A) . We did not observe a significant difference in the total levels of p53 between virusinfected and mock-treated mink cells over time (Fig. 4A, lanes  1 to 12) . To verify that mink epithelial cells are capable of responding to a known DNA damaging agent, we analyzed total cellular extracts obtained from ␥-irradiated cells. We detected an approximately fivefold increase in the amount of total p53 in ␥-irradiated cells compared with untreated cells (Fig. 4A, lanes 13 and 14) . Thus, these results indicate that although mink cells are able to respond to a known DNA damaging agent by an increase in p53 levels, a similar response was not observed after MCF13 MLV infection.
Posttranslational modifications of p53, such as phosphorylation specifically at Ser-15, are an early cellular response to different types of genotoxic stress, including DNA damage (40) . Phosphorylation at Ser-15 has been shown to disrupt the Mdm2/p53 complex, resulting in stabilization of the p53 protein (38) . To measure phosphorylation of p53 at Ser-15, we used a phospho-p53-specific antibody that does not cross-react with the unphosphorylated protein. No phospho-p53 was detectable for virus-infected mink cells relative to mock-treated cells over time, which further suggested the absence of activation of p53 (Fig. 4B, lanes 2 to 7 and 9 to 14) . A similar analysis of total cellular extracts obtained from ␥-irradiated or hydroxyurea-treated mink epithelial cells showed that p53 phosphorylated at Ser-15 was detectable with this antibody (Fig. 4B,  lanes 1, 8, 16 , and 18). Our ability to detect elevated levels of total p53 and phosphorylated p53 in cells undergoing DNA damage indicates that mink epithelial cells can respond in a similar manner to DNA damage as other more-well-studied cell types. We verified that p53 is not phosphorylated in response to MCF13 MLV infection by immunostaining virusinfected mink cells with a phospho-p53-specific antibody. We did not observe any difference in the staining pattern between virus-infected mink cells and mock-treated cells, although mink cells treated with hydroxyurea showed the expected nuclear staining (data not shown). Thus, these results suggest that a p53-independent mechanism is involved in the induction of apoptosis by virus infection.
MCF13 MLV infection does not produce mitochondrial damage. Genotoxic stress or DNA damage to a cell results in activation of the intrinsic pathway of apoptosis via p53-dependent or p53-independent pathways (19, 30, 34) . A hallmark of this pathway of apoptosis is mitochondrial damage, which results in the release of cytochrome c and cell death (20) . Damage to mitochondria can be assessed by measuring mitochondrial membrane permeability or depolarization by using a mitochondrion-specific dye, such as MitoTracker Red (Molecular Probes). Polarized mitochondria retain the dye and appear as punctate structures in the cell relative to depolarized mitochondria, which produce a diffuse cellular staining (3). To determine whether mitochondrial damage is an initiating apoptotic signal in MCF13 MLV-infected mink cells, we measured mitochondrial membrane permeability starting at 24 h (16, 17) , displayed diffuse staining compared with untreated cells (Fig. 5i and j) . MitoTracker Red staining of infected mink cells over a period of 4 days produced punctate staining similar to that observed in mock-treated cells, indicating an absence of mitochondrial depolarization and damage ( Fig. 5a to h ). The absence of both mitochondrial damage and p53 activation indicates that the induction of apoptosis by lymphomagenic MLVs in mink epithelial cells occurs independently of the p53-and mitochondrion-mediated pathway. The Bcl-2 family of proteins, such as Bax and Bcl-2, influence the mitochondrial membrane permeability (33) . Upregulation of the proapoptotic protein Bax can result in mitochondrial depolarization (24) . Therefore, to confirm the absence of mitochondrial depolarization in mink cells infected with MCF13 MLV, we also measured Bax levels of total cellular extracts by Western blotting. We did not detect a significant difference in total Bax levels in infected cells compared with mock-treated cells over time (Fig. 6, lanes 2 to 13) . A similar analysis of mink epithelial cells treated with hydroxyurea showed an increase in Bax levels relative to that in untreated cells (Fig. 6, lanes 14 and 15) . These results demonstrate that, unlike on exposure to known DNA damaging agents, Bax levels do not increase in mink cells after MCF13 MLV infection.
Thus, these results support our conclusion that the intrinsic pathway is not involved in the induction of apoptosis in mink cells by MCF13 MLV infection.
Together, these results suggest that the high levels of unintegrated viral DNA per se do not initiate cell death but rather serve as an indicator of superinfection. Moreover, the mechanism involved in viral cell killing is independent of the intrinsic pathway of apoptosis, which involves p53 activation and mitochondrial damage. For retroviruses, such as ts-1 Moloney MLV and FeLV-FAIDS, cytopathic effects have been correlated with delayed processing and/or inefficient transport of the envelope precursor protein (35, 39) . Further studies are required to determine whether a similar mechanism is involved in the induction of cell killing by lymphomagenic MLVs.
What role apoptosis of thymic lymphocytes may play in lymphomagenesis is not known. However, our recent observation that thymic lymphocytes undergo apoptosis during the preleukemic phase indicates that virus-induced tumorigenesis must involve signals that rescue these cells from apoptosis. Antiapoptotic signals could include activation of c-myc, which occurs in approximately 25% of thymic lymphoma cells, and upregulation of NF-B (unpublished data). Both phenomena are involved in rescuing cells from apoptosis. One possible role of virus superinfection, which is observed in cells undergoing apoptosis, may be to increase the number of proviral integra- 
